Raman scattering of a cell conveys the intrinsic information inherent to chemical structures of biomolecules. The spectroscopy of Raman scattering, or Raman spectroscopy, allows label-free and quantitative molecular sensing of a biological sample in situ without disruption. For the last five decades Raman spectroscopy has been widely utilized in biological research fields. However, it is just within the latest decade that molecular imaging and discrimination of living cells and tissues have become practically available. Here we overview recent progress in Raman spectroscopy and its application to life sciences. We discuss imaging of functional molecules in living cells and tissues; e.g., cancer cells and ischemic or infarcted hearts, together with a number of studies in the biomedical fields. We further explore comprehensive understandings of a complex spectrum by multivariate analysis for, e.g., accurate peripheral nerve detection, and characterization of the histological differences in the healing process of myocardial infarct. Although limitations still remain, e.g., weakness of the scattering intensity and practical difficulty in comprehensive molecular analysis, continuous progress in related technologies will allow wider use of Raman spectroscopy for biomedical applications.
such as fluorescent proteins and dyes, can modulate functions of a target molecule and states of living cells and tissues due to physical and/or chemical interaction. Second, a measurement target is not disrupted through measurement, unlike other label-free spectroscopy, such as mass spectrometry and laser-induced breakdown spectroscopy, both of which are accomplished by molecular ionization. Raman spectroscopy allows time-lapse analysis of the molecular dynamics of a living cell. Third, the measurement can be performed under any sample environment, e.g., liquid, air or vacuum. Finally, Raman spectroscopy reproduces quantitative information with high accuracy. The scattering intensity is proportional to the number of scatterers. Experimental errors along with erroneous or improper nonspecific labeling, disturbing quantitative measurement, do not show up in the measurement of Raman spectroscopy. A quantitative molecular measurement is also implementable for cells and tissues, composed of various molecules, when a comprehensive Raman spectral database of the molecules is available.
Thus, Raman spectroscopy allows label-free, nondisruptive, and quantitative molecular measurement and identification of biological samples in situ. Raman spectroscopy overcomes limitations of the histochemical methodologies to pave a new way in the life sciences. In this article, we overview the brief history of and recent topics in Raman spectroscopy in the life sciences. Potential usefulness, limitations and future outlooks are also discussed.
A) An overview of light scattering by a molecule. Light scattered by a molecule contains elastic (λ s = λ i ) and inelastic (λ s ≠ λ i ) components. B) A schematic representation of the relationship between wavelength shift of Raman scattering and vibrational energy of a molecule in a scattering spectrum. C) Raman spectra of biomolecules. λ i : wavelength of incident light. λ s , λ s1 , λ s2 , λ s3 , λ s4 : wavelengths of scattering light. a. u., arbitrary units. 
II. Brief History of Raman Spectroscopy
It was the year 1930 when Sir Raman was awarded the Nobel Prize in Physics for the discovery of Raman scattering. However, Raman scattering measurement had not been widely implemented until the late 1960s due to the lack of appropriate technologies, e.g., lasers, spectrographs, and detectors [42, 53, 86, 88] . Since the late 1960s, Raman scattering of a variety of biological constituents has been measured, and consequently spectral databases have been accumulated for nucleotides [2, 30, 69, 92, 96, 109, 110] , peptides [17, 54, 70, 103, 104, 108] , lipids [32, 63, 67, 68, 102, 113] , and other components including apatites [11, 84] , fibrils [33, 115] , and pigments [35, 71, 74, 97, 98] . In the 1970s and later, Raman spectroscopy came to unveil molecular compositions in living cells [26, 80, 94] and biological tissues, such as bones [114, 115] , teeth [78, 99] , nerves [65, 89, 106] , muscles [90, 91] , arteries [7, 16, 25] , eyes [36, 118] , blood [8, 9, 64] , and urine [93] .
After the long period of early efforts, biomedical research by Raman spectroscopy has provided deeper insights into comprehensive molecular behaviors of living cells and tissues in situ under label-free, non-disruptive conditions. The details of these advances are described in the following sections.
III. Molecular Imaging
The spatial distribution of specific molecules is one of the most important pieces of information about living cells and tissues. However, the procedure of Raman spectral imaging (i.e., repetitive single spectral acquisitions with a detector array by two-or three-dimensional scan in space) takes a long time, 1 hour or longer per image. For acquisition of a spectral image within a short duration, it often occurs that the signal-to-noise ratio (S/N) and spatial resolution are low and the field of view is narrow. Although in the late 20th century fast Raman imaging modalities [13, 28, 34, 41, 72, 116, 120] were developed, they needed further advancements for biomedical applications. In those days, Raman spectral imaging was not put in practice because the properties of optical components (i.e., laser light sources, detectors, and filters) were inferior to those used today.
Raman spectral imaging has become practically useful for molecular analysis of living cells and tissues in the 21st century. A variety of molecules have been studied in different cells and tissues [4, 12, 22, 38, 47, 52, 58, 59, 60, 62, 87, 100, 111, 112] . Examples are shown in Fig. 2 .
In Fig. 2A , shown are the nucleus and cytoplasm spectra of an 8505C cell line that were derived from human thyroid cancer, and the corresponding images reconstructed with the intensity at several wavenumbers. In the spectra, nine remarkable bands are identified, assigned to porphyrin ). According to a study [37] , the porphyrin ring, CH 2 , and CH 3 bands of living cultured cells are assigned to cytochrome c, lipid, and protein, respectively. In the image reconstructed with the porphyrin ring (750 cm −1 ), the distributions of mitochondria are identified. The image of the CH 3 band shows the intracellular distributions of proteins. Intracellular distributions of vesicles and organelles are indicated in the image of the CH 2 band, assigned to lipid.
In the Raman data of a rat infarcted heart (Fig. 2B ), the cytochrome c bands (i.e., mainly 751 cm −1 ) are identified in the spectrum obtained from the non-infarcted (normal) region, while not in that of the infarcted (fibrosis) region. In contrast, the collagen band (i.e., 1250 cm −1 ) is clearly seen in the spectrum of the fibrotic tissue, but not in that of the normal region. The corresponding images reconstructed with these two bands clearly reflect the two different patterns of the heart with infarction. Thus, Raman spectral imaging can discriminate myocardial infarct in a label-free manner.
Raman spectroscopy also allows study of dynamics of functional molecules of living cells. Time-lapse Raman spectral imaging has enabled us to understand a variety of molecular dynamics in cell functions, e.g., cell death processes [77, 83, 119] , cell cycles [37, 43, 56, 57] , endocytosis and intracellular transport [3, 6, 44] , and differentiation [39] . Okada and his colleagues successfully performed label-free imaging of molecular dynamics in HeLa cells during development of apoptosis [83] . By using a slit-scan Raman microscope with a parallel spectral acquisition technique, they demonstrated that the application of actinomycin D clearly showed diffusion of cytochrome c from mitochondria to the cytosol in HeLa cells. Timelapse, slit-scan Raman spectral imaging was also used for monitoring the process of osteoblast differentiation [39] . By Raman spectral imaging of KUSA-A1 cells (every 4 hours for 24 hours), it was found that β-carotene acts as an initial marker of osteoblastic mineralization that was monitored through hydroxyapatite. Temporal fluctuation of cytochrome c signals was also observed during mineralization, indicating that some of the cells measured underwent apoptosis. Similarly, Kong and his colleagues showed a potential usefulness of multifocal Raman microscopy, another parallel spectral acquisition technique [56, 57] . They successfully captured Ca 2+ -dipicolinic acid (CaDPA), protein, and nucleic acid dynamics in a single Bacillus cereus spore during germination.
The above-mentioned fast Raman spectral imaging techniques have a limitation in terms of temporal resolution. Since a single spectral acquisition typically takes 10 ms or longer, longer than 1 min is required for acquisition of a typical Raman imaging dataset consisting of 10 4 -10 5 spectra. Contrarily, the coherent Raman scattering processes, including stimulated Raman scattering (SRS) and coherent anti-Stokes Raman scattering (CARS), have enabled video-rate (30 frames per second) or faster Raman imaging. In a coherent Raman process, Raman scattering from target molecules is simultaneously excited by intense incident light so that the number of scattering photons in a short duration (e.g., microseconds) increases. Coherent Raman imaging techniques are useful for the analysis of rapid molecular dynamics, rapidly moving objects, and a vast number of samples. Limitations are that the coherent imaging techniques quickly degrade a sample because of the high incident photon density, and that the spectral resolution is low and the range of the spectrum is narrow in tradeoff with the image acquisition speed. A number of excellent comprehensive review articles discussing SRS and CARS microscopy for biomolecular imaging have been published elsewhere [18, 21, 24, 40, 60, 66] .
IV. Discrimination by Multivariate Analysis
It is often difficult to thoroughly understand Raman spectra of a cell or tissue, because the spectra are typically low in S/N and complex. In contrast, algorithms of multivariate analyses, which can enhance the visibility of features in a dataset, allow comprehensive interpretations of Raman spectra. With the improvement of the calculation powers of computers since the 1990s, multivariate analysis of Raman spectra has become widely available for labelfree, non-disruptive, and molecule-based clustering of different cells and tissues.
Here we show two examples of tissue discrimination based on Raman spectroscopy and multivariate analysis. The first one is peripheral nerve detection. Nerve sparing and repair procedures are essential in surgery, but with the methodologies currently used, such as visual inspection by a surgeon and muscular motion by electrical stimulation of a motor nerve, it is difficult to accurately and safely detect nerve bundles during operation. Label-free, non-disruptive Raman spectroscopy is applicable to peripheral nerve detection. Our experimental data for rats are shown in Fig.  3 . In the figure, Raman spectra of peripheral nerves, tissues visually resembling the nerves, and their adjunct tissues are presented [75] . The spectra of peripheral nerves, i.e., intercostal and vagus nerves, include characteristic bands at 1004, 1130, 1176, 1247, 1304, 1445, 1589, 1662, 2850, 2885, and 2932 cm −1 (indicated by arrowheads). These bands are assigned either to protein, lipid, and/or collagen. Since the peripheral nerve consists of nerve fibers, blood vessels, perineurium, and endoneurium, all of these constituents, e.g., protein, lipid, and collagen, are contained in the nerve spectra to some extent. Contrarily, in the spectra of tissues adjacent to the nerves, including skeletal muscle tissues and adipose tissues, and of tissues visually resembling peripheral nerves, such as fibrous connective tissues and blood vessels, are mostly assigned to a single major component either of protein, lipid, or collagen. It is worth indicating that the higher intensity bands at 2850 and 2885 cm −1 in the intercostal nerve compared to in the vagus nerve reflect the larger amount of myelin sheath, which mainly consists of lipids, for the intercostal nerve because the nerves contain myelinated nerve fibers more abundantly than the vagus nerves do. Multivariate analysis of these spectra has provided accurate detection of nerve and non-nerve tissues [61, 76] . Results of principal component regression analysis of ex vivo rat tissue spectra are presented in Fig. 3B [61] . The accuracy of peripheral nerve detection against skeletal muscle and connective tissues is 99.6% [61] , according to the discriminant analysis upon the data plot shown in Fig. 3B . It was also found that the discrimination of myelinated and unmyelinated nerves from adipose, fibrous connective, and skeletal muscle tissues is as accurate as 94.2% [76] . Aiming at clinical application of Raman spectroscopic nerve detection, rapid and accurate imaging of rat peripheral nerves was implemented by means of multipoint Raman spectroscopy and concurrent Raman and bright-field image data analyses [61] .
The second example of tissue discrimination is the precise histological differences in the healing process of myocardial infarct. Fig. 4A shows Raman spectra of the infarct border zone during acute necrotizing, healing, and old fibrotic scar phases of infarcted rat heart [79] . Of great interest, the intensity of the 750 cm −1 band, assigned to cytochrome c, decreased during the progression of myocardial infarct; from the normal condition, via early (day 2) and late (day 5) necrosis phases, granulation tissue phase, and eventually the scar (fibrosis) phase. This tendency can be explained by the decrease in the number of living myocytes. Fibrotic tissues show remarkable bands assigned to collagen type I (1250 and 2941 cm −1 ) in the spectra. Based on the spectral differences, partial least square discriminant analysis [79] and principal component analysis [81] could identify regions of distinct phases of myocardial infarct, i.e., intact, acute necrotizing, healing, and fibrotic tissues. Discrimination results and corresponding histological images are shown in Fig. 4B [79, 81] . In the principal component spectrum presented, the positive peaks at 751 m 1130, and 1582 cm −1 , assigned to cytochrome c, and the negative peaks at 857, 1250, and 2945 cm −1 notably reflect the totally opposite distributions of the normal and fibrotic tissues. According to the study [79] , the accuracy of discrimination of the normal, necrosis, and granulation tissues was 95.8%. Recently, Ohira and his colleagues evaluated the early-stage ("nascent state") ischemic injury and the progressive evolution of the perfused rat heart evaluated by Raman spectroscopy [82] . It was found that 1) Raman bands of the redox states of cytochrome c (i.e., 750, 1127 cm −1 ) increased immediately after stopping of coronary arterial flow, as shown in Fig. 4C, and 2 ) the cytochrome c signal can be a useful indicator for early ischemic injury of the heart. Combination of Raman spectroscopy and multivariate analysis has also been employed for detection of a variety of diseased tissues, e.g., osteoarthritis [51] , valvular heart disease [85] , neoplasia in Barrett's oesophagus [50] , and atherosclerosis [27] .
Raman spectroscopy has also been applied to cancer and non-cancer discrimination. Excellent articles thoroughly reviewing this topic are published elsewhere [1, 5, 48, 55, 101] . Briefly, Raman spectroscopic cancer and noncancer discrimination is in general based on a subtle change in overall molecular compositions due to the metabolic and 
V. Limitations
Raman spectroscopy has two principal limitations for study and application in the life sciences. First, the efficiency of the Raman scattering process is extremely low, typically 14 orders of magnitude as low as the fluorescence process. Due to the low scattering efficiency, acquiring a number of Raman spectra often takes several tens of minutes or even hours. During such a long acquisition time, spatiotemporal alteration in molecular distribution and sequential degradation of a measurement target can occur. Although the above-mentioned advanced techniques, e.g., slit-scan, multifocal, and coherent Raman imaging, allow fast acquisition for time-lapse analysis of molecular dynamics, these techniques are not widely used in the biomedical field. Additionally, signals from molecules at the relatively low concentration in a measurement target are hard to detect due to signals from massively existing molecules. Second, Raman bands of different molecules within a sample often overlap in a spectrum measured. Particularly in cells and tissues composed of a variety of molecular components, Raman bands of molecules with the low scattering efficiency and/or of a small amount cannot be identified. This limitation in turn results in the difficulty of totally comprehensive molecular analysis of the living cell and tissue in practice.
VI. Conclusion
Raman spectroscopy allows label-free, non-disruptive, and quantitative molecular analysis of cells and tissues. Because of these unique features, which cannot be provided by conventional methodologies in the life sciences, Raman spectroscopy has enabled identification and quantification of the biomolecules and their functional analysis in situ. In considering the unique features, we believe that Raman spectroscopy is, in particular, a powerful analytical tool for evaluation of spatiotemporal molecular dynamics of living cells and identification of intact human tissues. In contrast, trace molecular analysis and tissue identification without a specific molecular band are often difficult according to the limitations discussed above. Upon wider use of Raman spectroscopy in the future, the limitations need to be overcome; high throughput optical elements, techniques for fast Raman spectral imaging, and multivariate analysis algorithms will overcome the limitations in part. Additionally, well-established techniques for Raman scattering enhancement [49] , e.g., surface-enhanced Raman scattering [23] and resonance Raman scattering [29] , would help measure intrinsically weak Raman scattering.
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